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A b s tra c t:  The effects of an electric field on the electronic energy levels 
in a spherical quant urn dot (Q D ) of wide-gap semiconductors have been  
theoretically investigated by using the perturbation method and compu­
ted for a single CaAs Q D . The results have shown that the ettfctric field 
causes lowering in the electronic energy levels, the lowering being maxi­
mum for the ground level. The field induced shifts in energy levels are 
also found to increase with the inc reasc in the box dimension. The com­
parison of the field induced shifts in ground levels of a spherical and a 
cubic Q D  has proved a spherical Q D  to be more sensitive to applied field 
than a quantum cube.
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h Introduction
1 he m odulations of sh arp  excitonic resonances by ex ternal electric field prom ise 
versatile devices, which could serve im portant, functions in fu tu re  in form ation 
processing system s. Q uan tum  wells (Q W ) possess very good m o du la tion  prop- 
(Tlics com pared to  bulk sem iconducto rs[1,2]. Again, the resu lts  of a num ber 
ofsludies on electro-optic effects in quant um  wires and dots ind icate  im prove­
ments in the  m odulation  properties over their QW  c o u n te rp a r ts^ ,4]. Indeed, 
as one goes tow ards system s w ith lower dim ensionality, m odulation  properties 
are expected to  g reatly  enhance due  to  higher degree of carrier confinem ent [5]. 
As a result, stud ies on electro-optic effects in s tru c tu res  like q u an tu m  do ts 
(QD) have been th e  subject, o f im m ense recent in terest in the  field of opto-
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electronics. In th e  p resen t com m unication , th e  electric  field induced shifts 0f 
energy levels o f e lec trons confined in  a  spherical Q D  o f w ide-gap semiconduc 
to rs  will be es tim a ted  theore tically . T h e  ca lcu la ted  sh ifts  will be  compute 
for G aA s Q D , ta k in g  G aA s as a  typ ical exam ple  o f w ide-gap semiconductor 
T h e  field induced  sh ift in th e  g round  level o f a  spherical and  a  cubic quantum 
d o t o f sam e dim ension will also be com pared .
2. Theoretical background
A sem iconducting  sphere  of rad iu s R  ( ~  nm ) is assum ed to  have infinite p,,. 
ten tia l a t  its  surface an d  zero p o ten tia l w ith in  it. A n uniform  electric fif,|(j 
F e ly ing in th e  range  o f (0-106) V /m  is applied  in th e  p o la r d irection  (i.e. lr 
d irec tio n ) of th e  spherical dot.. T h e  p e r tu rb a tio n  m ethod  has been  employed 
to  e s tim a te  th e  sh ifts  in th e  e lec tron ic  energy  levels d u e  to  an electric field, 
In  th e  p resen t analysis, th e  above range  o f the  applied  field has been clioscii 
d u e  to  the fact, th a t  th e  p e r tu rb a tio n  m eth o d  yields reasonable results for In* 
e lec tric  fields. For fields h igher th a n  107 V /m , th e  voltage d ro p  across the dot 
m ay b e  co m p arab le  t.o th e  b a rrie r heigh t m aking  th e  assum ption  o f infinite 
b a rrie r Q D  no m ore valid. I
In  absence o f electric  field, th e  wave function o f e lectrons confined within 
th e  above spherical Q D  can be  o b ta in ed  from th e  so lu tion  of Schroedinger 
eq u a tio n , expressed in po lar co -o rd inate , as[6]
^Ptilm —  Ylm (@ i4 >)
-71 II/2(fc«lO
V r /
w here, Yim(0,4>) is th e  angle dependent, p a r t  an d  th e  balance represents the 
rad ia l p a r t.  H ere, ./ |+i / 2(fcnic) and ,/f, 3/2( k ,j R )  a re  Bessel functions of order 
( f+ 1 /2 )  a n d  (1+3/2) respectively, k,,i is th e  wave nunfber corresponding to
energy  value E „ i m, / (= 0 ,1 ,2,3,__) is th e  an g u lar m om entum  q u an tu m  ninnlm
an d  m (= 0 , ±  1, ±  2 ,.. .. ,± /)  is th e  m agnetic  q u an tu m  num ber.
T h e  energy E„im, o f th e  n -th  level is o b ta in ed  from th e  n -th  root, o f th e  equation
J l+1/2(h R )  0 (2)|
TVeating th e  elec tric  field as a  p e r tu rb a tio n , th e  H am ilton ian  in the pres­
ence o f th e  field F  can  be  expressed as
H  =  H o  +  / /p e r
w here, H o  is th e  u n p e rtu rb ed  H am ilton ian  an d  =  - e F z  =  - eFrcosO  is | 
th e  p e r tu rb a tio n  H am ilton ian , 6  being  th e  po lar angle. T h e  field F  appearing]
Electric field induced energy level shifts in spherical quantum dot 295
in the expression for is the field inside the quantum  dot related to  the 
external field Fe by the  well-known expression F  =  F f 3ee/(ed +  2ee) , where 
ti and ee are the dielectric constants of the QD and the embedding material
i respectively.
The perturbation method yields the energy levels, corrected to the second 
I order in F, as
E =  B ^  + Ae W+AR®, (4)
j where and are th e  first and the second order correction term s
| respectively. However, due to orthogonal property of spherical harmonics, the 
j first order correction term  vanishes. The second order correction term  can be 
[ expressed in D irac’s no tation as
A E.(2) =nlm E
|< ri,l',rri'l Hpp, |ri,/,rn >|J
&7ilm 'n'l'm'
(5)
! substitution of the value of H per, and after some mathem atical manipulation, 
the energy level shift due to  electric field F is finally obtained as
w 2
E,n,l,m - E u'J+lym
+ T  , _______
nt E ni i —] fm
> where*
i
I with
j and
t
f
and
• 2 c F __________  hhrl__________
bi~ i iTn ,
W  J ^ ; / 2 ( k n. j  2
1\ =  j  Jn*/2(kn'jnr)Jiu/Akmr)r2dr
f R
l!i =  j  •Jin/2{kiiir )'h- i/>(kn'li ir ) r 2dr
him —
(Z +  m  +  1)(Z -  m  +  1) 1/2
(21 +  1)(21 +  3)
(6)
(7)
(8)
(9)
(10)
( 11)
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T h e  shift in th e  ground s ta te  energy o f an infinite Q W  o f width d  n > 
and  under th e  influence of an  electric field F ,  applied  along th e  direction ()f 
th e  well, i.e. th e  z-direction, has been given by B astard  et. a/.[7j by a 
order pert urbation  calculation as
a e | 2) =
1 15 m *e 2F 2d t
24ir2 it2 h 2 ' 0 2 )
where the  above p aram eters  have th e  sam e m eaning as in [7],
To com pare the field induced shifts in th e  ground energy levels o f a sphrr 
ical and a  cubic QD, we use th e  equation (12) to  es tim ate  th e  energy shift in 
t he case of a  q uan tum  cube o f edge d  (taken  to  be equal to  2R ) and with 
electric field F  along th e  ^-direction.
^  R e s u l t s  a n d  d is c u s s io n
F ig u r e  1. Energy shift vs. applied 
electric field in the case of ground level 
of a  qu an tu m  cube o f edge 20 nm (b ro­
k en ,cu rv e  d ), and various levels of a  
spherical dot of d iam eter 20 nm  (solid) 
w ith quantum  num bers / — rn — 0 
and ri — 1 (ru rve a ) , n — 2 (curve b ) 
and n=H (ru rve c).
F ig u r e  2. Energy shill, vs. box di­
m ension in th e  case of th e  ground lev­
els of quan tum  do ts of spherical (solid) 
and cubic (broken) shape, both hav 
ing sam e dim ension. C urves aTe plot­
ted  for different, electric fields: (a) 
1 kV /cm , (b ) 5 kV /cm  and (c) 10 
kV /cm .
1 he * rurgv shift,s in ground and several o th er low-lying excited levels in sphef- 
K-al QDs have In-en com puted witfi th e  m ateria l param eters for CaAs[8], The 
field induced shifts hav*' been p lo tted  as functions of applied electric field and 
size of the  QD in figures 1 and 2 respectively. In  both cases, th e  ground level 
shift in a quan tum  cube of sam e dim ension has also been p lo tted .
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Figure 1 ex h ib its  th e  sh ifts  in  th e  th ree  energy levels, charac terized  w ith  
the quan tum  n um bers t= m = 0 , n = l ,  2 an d  3 as a  function o f electric field for 
a spherical bbx o f dim ension 20 nm . Fbr th is  varia tion , th e  energy reference 
point has been chosen a t  zero field. T h e  figure shows th a t  as th e  applied 
electric field increases, energy levels shift tow ard  low energies. T he  lowering 
is found to  be  m ost p ronounced in th e  case o f th e  ground level and  gradually  
becomes insignificant for higher lying levels. As evident from  th e  theoretical 
calculation, th e  energy  lowering is caused by overlapping o f wave functions 
of electrons in various energy levels. In a  q u an tu m  s tru c tu re , th e  interlevel 
separation decreases tow ards low energy, resu lting  m axim um  overlapping of 
wave functions. T h is  explains th e  above observations. F ig .l also shows th a t  
for a particu la r electric field, th e  energy sh ift in th e  g round level o f a  cubic QD 
is relatively sm all com pared  to  th e  g round  level shift, occured in a  spherical 
QD of sam e dim ension. A t a  field o f 106 V /m , th e  ground s ta te  energy in a  
quantum cube of 20 nm  edge is lowered by 0.3 m eV, whereas th e  ground  s ta te  
energy lowering in a  spherical box w ith  d iam eter 20 nm  is 0.61 m eV, i.e., m ore 
than double of th e  earlier o n e /
The variations o f energy shifts in g round levels o f a  spherical and  a  cubic 
QD have been presen ted  in figure 2 as a  function of th e  box dim ension for 
three different values o f th e  electric field. Here, th e  energy reference po in t has 
been chosen a t  th e  sm allest QD (d = 3  nm ). In  figure 2, th e  energy lowering 
is found to  b e  m ore significant for higher fields, as also observed in figure 1. 
It is also evident from  th e  figure 2 th a t for a  p a rticu la r field, shifts in energy 
levels are much larger for large QDs com pared w ith those for sm all QDs. In  
fact, the energy levels of a  QD becom e m ore crowded w ith th e  increase in th e  
box dim ension. Therefore, for a  large Q D , th e  overlapping of various wave 
functions becom e stronger giving rise to  a  larger energy shift. T he  figure 2 
Shows th a t  a t a  field of 106 V /m , th e  ground s ta te  energy in a  QD of d iam eter 
20 nm is m ore th a n  16 tim es lowered th a n  th a t  in a  QD of d iam eter 10 nm . 
Variations of sim ilar n a tu re  have been reported  by Wen et. af.[9] for confined 
excitons in CdS and  CdSo.12Seo.88 spherical QDs.
4. C o n c lu s io n
In conclusion, th e  lowering of electronic energy levels of a  spherical QD of 
Cl a As due to  app lica tion  of electric field has been shown. T he lowering is 
most, pronounced in th e  case o f the lowest energy level. T he field induced shift 
in energy levels increase w ith th e  dim ension of th e  spherical do t. A com parison 
of shift in ground levels has been m ade for spherical and cubic quan tu m  box. 
It is seen th a t  th e  field induced shift is larger for spherical quan tum  dots. T his 
result is o f special significance in th e  fabrication  of p ractical devices.
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